The rate-dependent hysteresis present in thin magnetostrictive actuators can be captured by a dynamic model, consisting of a Preisach operator coupled to an ordinary differential equation in an unusual way. The model presents interesting problems in analysis and computation due to its special structure. In this paper we first transform the model into a more amenable form and gain insight into the model by introducing a new hysteretic operator. Then we investigate some system-theoretic properties of the model: stability of equilibria, input-output stability, reachability and observability. Existence of periodic solutions under periodic forcing is also established. Finally numerical integration schemes for the model are discussed.
Introduction
Magnetostriction is the phenomenon of strong coupling between magnetic properties and mechanical properties of some ferromagnetic materials (e.g., Terfenol-D): strains are generated in response to an applied magnetic field, while conversely, mechanical stresses in the materials produce measurable changes in magnetization. This phenomenon can be used for actuation and sensing. Magnetostrictive actuators have applications in micro-positioning, robotics, ultrasonics, vibration control, etc. Figure 1 shows a sectional view of a Terfenol-D actuator manufactured by Etrema Products, Inc. By varying the current in the coil, we vary the magnetic field in the Terfenol-D rod and thus control the motion of the rod head.
Like any other smart material, magnetostrictive materials exhibit hysteresis, which hinders their wider applicability in actuators and sensors. A fundamental idea in coping with hysteresis is to formulate the mathematical model of hysteresis and use inverse compensation to cancel out the hysteretic effect. There have been a few monographs devoted to modeling of hys- teresis and study of dynamical systems with hysteresis [2, 3, 4, 51. Hysteresis models can be roughly classified into physics-based models, see e.g., [6, 7, 81 , and phenomenological models. The most popular phenomenological hysteresis model used in control of smart actuators has been the Preisach model (9, 10, 111. Although in general the Preisach model does not provide physical insight into the problem, it provides a means of developing phenomenological models that are capable of producing behaviors similar to those of physical systems.
The hysteretic behavior of a magnetostrictive actuator at low frequencies (typically below 5 Hz) is rateindependent: roughly speaking, the shape of the hysteresis loop does not depend on the frequency of the input. This is no longer the case when the operating frequency gets high, due to the eddy current effect and the magnetoelastic dynamics of the magnetostrictive rod (Figure 2 , solid curves). The (rate-independent) Preisach operator alone is not capable of modeling the rate-dependent hysteresis. A novel dynamic model for the magnetostrictive hysteresis has been proposed in [12, 131, and it can capture the high frequency effects in magnetostrictive actuators (see the comparison in Figure 2). In the model, a Preisach operator is coupled to an ordinary differential equation (ODE) in an unusual way. Based on the model one can develop efficient inverse control and robust control algorithms which are implementable in real-time [12] . Apart from being useful for the control purpose, the model presents interesting problems in analysis and computation due to its special structure.
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The remainder of the paper is organized as follows. Section 2 provides an introduction to the Preisach operator. In Section 3 we describe the model and provide a new perspective to study the model. Some systemtheoretic properties of the model are investigated in Section 4. Existence of periodic solutions under periodic forcing is established in Section 5. We discuss numerical integration schemes for the model in Section 6. Concluding remarks are provided in Section 7. 
The Preisach Model
This operator is sometimes referred to as an elementary Preisach hysteron (we will call it a hysteron in not matter whether <+ takes 1 or -1 on the graph of $.
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W e will switch between the ( p , a) coordinates and the ( T , s) coordinates in this paper.
The following summarizes some basic properties of the Preisach operator 141: 
Here I is the input current, CO > 0 and c1 > 0 are constants.
Eq. (3) presents interesting problems in analysis due to its special structure. The well-posedness of (3) was proved in [13] using the Euler polygon method. In this section we present another perspective for study of (3), which would provide an alternative proof of the wellposedness as well as new insight into understanding of (3). Eq. (5) is of a more amenable form and people have studied such systems, see [5] and the references therein.
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We can also show that 8-' is Lipschitz continuous with respect to both arguments, from which we can obtain an explicit formula for continuous dependence of the solution to (3) on initial conditions [12].
4 System-Theoretic Properties of the M o d e l
In this section, we study system-theoretic properties associated with the infinite dimensional hysteretic system (3). In particular, we look at stability of equilibria, input-output stability, reachability and observability.
Stability of equilibria
The state for (3) is the (infinite-dimensional) memory curve $ E P since both H and A4 can be derived from $J. We set the input I 0 in (3) and investigate stability of the equilibria of the following equation:
fi(t) + k ( t ) = -z H ( t )
We can easily see that in (r, s) coordinates, the set of
Recall the definition of <+ for $ E 9 in Section 2. For + I , @ z E P, we define
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If the Preisach density p is continuous, for $ E P, we can define %($J,+) (%($,-), resp.), which carries the interpretation of the derivative of M with respect to H when H is being increased (decreased, resp.) at the state 6 [12] . Furthermore, if p 2 0, we have
for some C > 0. (9) .
Sketch ofprooj Rewrite (3) as where g ( t ) = s ( $ [ t ] , s g n ( f ? ( t ) )
) . Then (11) can be derived using the bounds on g ( t ) and the Parseval's identity [12] 
where h is the time step size. Eq. (13) can be solved by adapting the inversion schemes for r [12] . The following holds [12] : 
We call (13) the ezplzcit Eulerscheme since fi(lo+h) is not involved on the right-hand side of the first equation in (13) . We obtain the implicit scheme by replacing I(to) and H(t2) on the right-hand side of (13) with I(to + h) and H(to + h ) , respectively. We note that the implicit scheme here requires no more computational effort than the explicit one, but it's much more stable and can provide meaningful solutions even when h is not very small [12] .
Conclusions
This paper has been devoted to analysis of a ratedependent hysteresis model. By introducing a new hysteretic operator E', we have transformed the model into a more familiar form and gained deeper insight into the model. Various system-theoretic properties have been examined for this infinite-dimensional hysteretic system. We have proved the existence of periodic sclutions under periodic forcing. Numerical schemes for simulation of the model have also been discussed.
